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ABSTRACT
Using the Keck Cosmic Web Imager we obtain spectra of several globular clusters
(GCs), ultra compact dwarfs (UCDs) and the inner halo starlight of M87, at a similar
projected galactocentric radius of ∼5 kpc. This enables us, for the first time, to apply
the same stellar population analysis to the GCs, UCDs and starlight consistently to
derive ages, metallicities and alpha-element abundances in M87. We find evidence for a
dual stellar population in the M87 halo light, i.e an ∼80% component by mass which is
old and metal-rich and a ∼20% component which is old but metal-poor. Two red GCs
share similar stellar populations to the halo light suggesting they may have formed
contemporaneously with the dominant halo component. Three UCDs, and one blue
GC, have similar stellar populations, with younger mean ages, lower metallicities and
near solar alpha-element abundances. Combined with literature data, our findings are
consistent with the scenario that UCDs are the remnant nucleus of a stripped galaxy.
We further investigate the discrepancy in the literature for M87’s kinematics at large
radii, favouring a declining velocity dispersion profile. This work has highlighted the
need for more self-consistent studies of galaxy halos.
Key words: galaxies: individual (M87) – galaxies: star clusters – galaxies: halos
1 INTRODUCTION
The stellar halos of early-type galaxies provide important
clues to their assembly history. As dynamical times are
longer in the outer halos, they better preserve the signatures
of past mergers and accretion. Simulations predict that more
massive galaxies have an increasing fraction of stars that
have been accreted (Oser et al. 2010; Cooper et al. 2013;
Pillepich et al. 2014), reaching around 90% for the most
massive galaxies. Accretion of material at more recent times
is likely to be in the form of minor mergers. Such mergers
tend to deposit stars, and globular clusters, into the outer
regions of the host galaxy (Karademir et al. 2019). These
accreted stars will tend to be old, metal-poor and alpha-
element enriched (Bullock & Johnston 2005; Mackereth et al.
2019). Today’s early-type galaxies will, in general, be a mix
of both in-situ and ex-situ formed stars and globular clusters
(Forbes & Remus 2018).
? E-mail: dforbes@swin.edu.au
As well as field stars and globular clusters (GCs), stellar
halos may host ultra compact dwarfs (UCDs). Ultra compact
dwarfs were first identified roughly twenty years ago (Hilker
et al. 1999; Drinkwater et al. 2000) in the halo of NGC 1399
and the surrounding Fornax cluster. In visual appearance
they resemble large, luminous GCs but the defining charac-
teristics of a UCD vary in the literature. Here we adopt the
criteria of an effective radius of Re > 10 pc combined with
MV < –9 (which corresponds to a stellar mass of ≥106 M).
With these criteria, the Milky Way GC NGC 2419 (with Re
= 21 pc and MV = –9.4) would be regarded as a UCD (ω
Cen meets the luminosity criterion with MV = –10.3 but not
the size one with Re = 7.6 pc).
Globular cluster systems generally reveal two subpopu-
lations when examined in terms of their colours or metallic-
ities (Brodie & Strader 2006). The red, or metal-rich, sub-
population is thought to be associated with the field stars
of early-type galaxies since they have similar mean colours
(Forbes & Forte 2001), kinematics (Pota et al. 2013) and sur-
face density profiles (Forbes et al. 2012). The blue, or metal-
© 2020 The Authors
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poor, GCs may follow the radial distribution of the halo as
traced by the hot gas (Forbes et al. 2012) and they reveal
kinematics that are less correlated with the host galaxy stars
(Pota et al. 2013).
The stellar halos of a few nearby (D ≤ 10 Mpc) galaxies
have been resolved into individual stars with HST imaging.
The current status is summarised by Cohen et al. (2020) in
their table 3 which lists 10 early-type and 5 late-type galax-
ies. A diversity of halo properties are seen. For example, the
halo of the Sombrero galaxy, probed out to 17Re, is domi-
nated by metal-rich stars with only a negligible contribution
of stars with metallicity [Z/H] < –1. This suggests a sin-
gle major merger in its assembly history. In contrast, both
NGC 3379 and NGC 5128 reveal a transition to a metal-
poor halo at radii of around 10–15Re. In the case of NGC
3115 the metal-poor stars have a mean metallicity approach-
ing that of its metal-poor GC subpopulation with Peacock
et al. (2015) concluding that “This is the strongest evidence
to date that globular clusters trace the stellar populations
in the halos of early-type galaxies.”. They further suggested
that GCs can be used as “chemo-dynamical tracers of the
stellar halos of more distant galaxies.”
We also note the work of Bird et al. (2010) (not in-
cluded in table 3 of Cohen et al. 2020) that obtained deep
HST imaging of individual red giants in the inner halo of
M87, finding a predominately metal-rich halo as expected
but also a metal-poor tail in the metallicity distribution of
stars down to [Z/H] ∼ –2. At the distance of the Virgo cluster
(D = 16.5 Mpc) such observations become increasingly dif-
ficult requiring long exposure times with the HST. For more
distant galaxies, one must use the integrated properties of
stellar halos and this is now being carried out with integral
field units on large telescopes (e.g. Ferre´-Mateu et al. 2019).
One challenge in comparing the stellar populations of
the integrated starlight in early-type galaxy halos and asso-
ciated compact objects is that usually they are studied with
different instruments and using different stellar population
models. Systematic differences between models can be par-
ticularly acute at the highest metallicities (see for example
figure 5 of Murphy et al. 2011), which is the regime of metal-
rich GCs and the field stars of giant early-type galaxies. Re-
cently, integral field units that are designed for low surface
brightness targets have been installed on 8–10m telescopes,
i.e. MUSE (Bacon et al. 2010) on the VLT and KCWI (Mar-
tin et al. 2010) on Keck II. Such instruments can be used
to probe both the low surface brightness outer regions of
galaxy halos while capturing several halo compact objects in
the same field-of-view. We note that SLUGGS (Brodie et al.
2014) was the first survey to obtain large numbers of GC
spectra and their host galaxy starlight spectra in the same
observation using the DEIMOS multi-slit spectrograph on
Keck II as a ‘pseudo integral field unit’. However, the stellar
population properties of GCs and field stars were derived
using different methods, e.g. Pastorello et al. (2015). In the
ongoing Fornax3D survey (Sarzi et al. 2018) the study of
both stellar halos of early-type galaxies in the Fornax clus-
ter, and their systems of GCs, can be obtained from the same
MUSE pointing along with self-consistent stellar population
modelling.
Here we study the inner halo of M87 (the central cD
galaxy of the Virgo cluster) using the integral field unit
KCWI on the Keck II telescope. As well as field stars, our
single KCWI pointing includes several GCs and UCDs. Thus
we are able to obtain spectra of the integrated galaxy halo
and these compact objects in the same exposure with the
same instrument, thereby avoiding any relative calibration
issues when studying both halo field stars and compact ob-
jects. Our study is also the first to compare their stellar
populations using the same methodology. In this work we
adopt a distance to M87 of 16.5 Mpc (m–M = 31.1) where
10 arcsec = 801 pc.
2 OBSERVATIONS AND DATA REDUCTION
2.1 HST/ACS Imaging
HST images of the M87 halo were obtained from program
ID 10543. These used the ACS/WFC instrument, with 49 in-
dividual images each in the F606W and F814W filters. The
images have a spatial resolution of 0.05′′. The FITS driz-
zled files were registered and combined using the SWARP1
software.
We show in Figure 1 the resulting M87 inner halo field
located ∼5 kpc from the centre of M87. It reveals numerous
compact objects. The white dashed box shows the field of
view of our Keck/KCWI observations, and the white arrow
shows the direction to the centre of M87. The 9 brightest
compact objects are numbered as used in the rest of the
paper. The background gradient from bottom left to top
right is the stellar halo light of M87.
Figure 2 shows a zoom-in of the HST/ACS pointing
corresponding to our Keck/KCWI field-of-view (FOV) and
colour map. The small background colour gradient, of ∼0.2
mag, from bottom left to top right is likely due to the radial
metallicity gradient in the halo of M87. The compact objects
reveal a range of colours, with objects 2, 6 and 8 being red
(similar to the colour of M87’s inner halo starlight) while
the others appear blue.
We fit each compact object with a Se´rsic profile and
measure its Se´rsic index n. The fluxes for each object are
converted to relative magnitudes using the HST ACS zero-
points, as given in the image file header. The corresponding
Johnson V and I magnitudes (on the Vega system) are com-
puted using the methods from Holtzman et al. (1995), with
the coefficients from Sirianni et al. (2005); the resulting V–I
colours have values from 0.9 to 1.3, consistent with old stel-
lar populations with a range of metallicities. Table 1 gives
the object coordinates in J2000 (the galaxy centre is located
at RA = 187.705930, Dec = 12.391123), along with the cor-
responding ID from the catalogues of Jorda´n et al. (2009) or
Brodie et al. (2011). We also list our measured Se´rsic index n
parameter from the I band image. Table 2 gives our assigned
object identification (i.e. GC or UCD) based on its physical
size (taken directly from either Jorda´n et al. 2009 or Brodie
et al. 2011) and our measured V band absolute magnitude.
The table also lists their total apparent magnitudes and V–I
colour.
1 http://astromatic.net/software/swarp/
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Figure 1. HST/ACS F814W pointing to the NW of the M87
nucleus (the arrow indicates the direction of the M87 nucleus).
North is up and East is left. The white box is the FOV of our
Keck/KCWI observations with the compact objects indicated.
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Figure 2. Zoom-in image (corresponding to our Keck/KCWI
FOV) with compact objects indicated. Top The HST/ACS
F814W image showing that some objects are clearly extended.
Bottom The HST/ACS V-I colour image showing the range of
colours for the compact objects.
Table 1. M87 compact objects: coordinates, IDs and indices.
Object RA Dec Other Se´rsic n
ID (J2000) (J2000) ID Index
1 187.698777 12.408740 S928 0.83
2 187.700020 12.409172 J1643 0.82
3 187.694393 12.406416 S8006 0.78
4 187.692549 12.406671 S8005 0.88
5 187.692499 12.405991 J1697 0.72
6 187.698099 12.406685 J1543 0.81
7 187.697502 12.408845 H46484 0.63
8 187.698863 12.409964 J1729 0.97
9 187.693092 12.409835 J1896 0.73
Other ID from catalogues of Jorda´n et al. (2009) or Brodie
et al. (2011).
2.2 Keck/KCWI Observations
A section of the HST/ACS M87 halo pointing was observed
with the Keck Cosmic Web Imager (KCWI; Martin et al.
2010) as part of our Keck Program (ID U250). We obtained
the observations on 2018 May 9, using the BL grating and
large slicer with a central wavelength of 4550 A˚ and a usable
wavelength range of 3600–5700 A˚. This produced a spectral
resolution R∼900 (5.06 A˚/pix at the central wavelength),
with a field of view of 33′′×20.4′′ and a spatial resolution of
1.35′′×0.29′′. Calibration frames (arcs, flats, geometric bars)
were also observed as well as observations of the reference
star Feige 67 with the same setup. The data were reduced
using the KCWI pipeline which performs a full data reduc-
tion, delivering flux-calibrated datacubes.
Seven frames were obtained (5 of 600 sec and 2 of 300
sec) at a short-axis position angle of 0◦. The resulting cubes
have 28 × 96 × 2569 pixels. The cubes are re-binned for con-
venience so that each pixel is square (i.e. 0.29′′ on a side),
using a bespoke code. This produced a spatial field of view
of 131×96 pixels. We combined the five 600 sec exposures to-
gether (the 300 sec exposures have too poor signal to noise).
The observation tracking was good enough so that no re-
registration was required. The resulting cube was trimmed
to 3560-5560 A˚ to remove spectral vignetting on the CCD
image, and to remove the 5577 A˚ skyline. Figure 3 shows a
KCWI image, with the same FOV as Fig. 2, centered around
a wavelength of 4380 A˚ (corresponding roughly to a Johnson
B band filter). Overplotted are the GCs and UCDs, and the
location of the extracted M87 halo light.
Using QFitsView, we extracted the spectrum of each
object from the data cube within an aperture of 1 Re (as
measured with a Se´rsic fit from the image created by collaps-
ing the cube along the wavelength axis). This aperture was
found to be a good compromise between signal and added
noise. The background, consisting of galaxy halo and sky
light, was subtracted using an annulus around each object
(with light from other objects masked out). We also ex-
tracted a galaxy halo light spectrum with an aperture of 5
pixels radius centered at RA = 187.700296, Dec = 12.405650
(J2000) (some 56 arcsec or 4.5 kpc from the galaxy centre),
as indicated on Fig. 3 by a green dashed circle. The back-
ground for this spectrum was taken from an aperture of the
same size at the top right of the cube. We investigated fit-
ting a smooth 2D surface to the image and using it for back-
MNRAS 000, 1–12 (2020)
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Table 2. M87 compact objects: classifications, sizes, magnitudes and colours.
Object Classification MV Re F606W F814W V I V-I
ID (mag) (pc) (mag) (mag) (mag) (mag) (mag)
1 UCD -11.42 36.3 19.82 20.10 19.68 18.76 0.92
2 GC -10.18 1.90 20.97 20.97 20.92 19.63 1.30
3 UCD -10.74 31.7 20.49 20.74 20.36 19.41 0.95
4 UCD -10.79 36.9 20.45 20.73 20.31 19.39 0.92
5 GC -10.12 6.68 21.11 21.36 20.98 20.02 0.96
6 GC -9.26 1.98 21.91 21.97 21.84 20.63 1.21
7 UCD -9.20 39.1 22.04 22.32 21.90 20.98 0.92
8 GC -8.67 2.49 22.49 22.54 22.43 21.20 1.23
9 GC -9.21 3.70 22.03 22.30 21.89 20.96 0.93
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Figure 3. Keck/KCWI image centered around 4380A˚ (cor-
responding to the B band). The compact objects are num-
bered and observed B band surface brightness contours in
magnitudes/arcsec2 are indicated. The visible elongation of the
objects is an artifact of the rebinning process. The green dashed
circle, in the lower left, indicates the aperture used to extract the
galaxy halo light.
ground subtraction but this gave inferior results compared
to the simple same-sized aperture approach.
In this work we assume an effective radius (Re) for M87
of 87 arcsec as measured by Forbes et al. (2017) from a
single Sersic fit to 3.6µm imaging. Thus our pointing lies at
a projected radius of ∼0.6 Re. We also note the large range in
Re values for M87 in the literature (see discussion in Forbes
et al. 2017).
3 STELLAR POPULATION ANALYSIS
3.1 Methodology
We use the MILES single stellar population (SSP) models
of with BaSTI isochrones (Pietrinferni et al. 2004) and a
Kroupa Universal IMF to obtain our stellar population pa-
rameters (Vazdekis et al. 2010; Vazdekis et al. 2015). The
templates cover a range of metallicites from [Z/H] = −2.27
to +0.40 dex and ages from 0.03 to 14 Gyr. These mod-
els also allow for two different alpha-element abundances,
i.e. scaled-solar or super-solar ([α/Fe]= +0.4 dex). We adopt
a two-step approach. First, we obtain approximate alpha-
element abundance values using the classical approach of
measuring Magnesium and Iron absorption line indices for
each galaxy and display them in an index-index model grid.
In particular, we measure Mgb and the combination of the
Fe5270 and Fe5335 lines, <Fe>. The line indices are mea-
sured with LIS5 (Vazdekis et al. 2010), which matches the
spectral resolution of our data.
Fig. 4 shows our line indices measurements compared
to two SSP tracks with fixed age of 10 Gyr and two different
[α/Fe] abundance values (i.e. solar and super-solar). The as-
sumption of 10 Gyr is a reasonable one given the range of
ages we derive below. We obtain approximate alpha-element
values (to an accuracy of 0.05 dex) by comparing our mea-
surements with the two tracks. Most of our measurements
are fully consistent with one of the two tracks, and for GC6
we perform a simple linear interpolation between the two
tracks to estimate its [α/Fe] value. For GC5 and the halo
light, which lie slightly outside of the two tracks to lower
and higher alpha-element abundances respectively, we per-
form a simple extrapolation assuming a linear continuation
of the SSPs. This is clearly a somewhat qualitative approach
but is sufficient to discriminate between super-solar and so-
lar alpha-element abundance objects. From this process we
infer that the M87 inner halo light, UCD1, GC2 and GC6
are enhanced, while UCD3, UCD4 and UCD5 are not. To
estimate the total uncertainty on [α/Fe] for each object we
combine the errors associated with each method we apply,
i.e. pairs of indices (described above) and full spectral fitting
(described below).
In the second step, we apply the full-spectral-fitting
code pPXF (Penalized Pixel Fitting; Cappellari & Emsellem
2004) with an identical set of SSP models with either scaled-
solar or alpha-enhanced templates according to the result
from the first step. Figure 5 shows the spectra of the M87
halo light and each compact object. For those spectra with
sufficient S/N (i.e. objects 1–6), we also show our best fit
model from our pPXF fitting.
To check the robustness of our results, we also em-
ployed another full-spectral-fitting code, STECKMAP (Ocvirk
2011), and obtained metallicities from the classical absorp-
tion line index method. Our results for the three methods
(pPXF, STECKMAP and line indices) are consistent within the
uncertainties. We also tested both non-regularized (which is
similar to the classical line index approach) and regularized
solutions (similar to STECKMAP) within pPXF. The regulariza-
tion is obtained as described in the code manual (Cappellari
2017). It provides a trade-off between a smoother star for-
mation history and a good fit to the data. Another test we
carried out was to only fit each spectrum for wavelengths
shorter than 5100 A˚ (to avoid strong sky emission). This
MNRAS 000, 1–12 (2020)
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Figure 4. Mgb and <Fe> = (Fe5270+Fe5335)/2 line indices
on stellar population model tracks. Two tracks shown are of
age 10 Gyr for two alpha-element abundances, i.e. scaled-solar
([α/Fe]=0.0 dex, black) and super-solar ([α/Fe]= +0.4 dex, grey).
Metallicities of −2.27, 0.06 and 0.4 dex are indicated. The ar-
rows in the upper left indicate the directions of increasing alpha-
element abundances, higher metallicities and younger ages. Our
measurements of the halo light of M87, along with those for
GCs and UCDs, are overplotted. They are consistent with either
scaled-solar or super-solar alpha-element abundances.
gave consistent results as using the full wavelength cover-
age. The final quoted uncertainties on all stellar population
parameters are the mean of all these approaches combined.
3.2 Results
Fig. 6 shows the derived star formation histories (SFHs; i.e.
the build-up of stellar mass over cosmic time) for the halo
light and the compact objects for which a stellar popula-
tion analysis was possible (objects 1 to 6). The halo light
has super-solar alpha-element enhancement and evidence of
two components, i.e a dominant component of about 80%
by mass and a secondary of about 20% by mass from our
full-spectral fitting analysis. The dominant halo stellar pop-
ulation is 12.0 Gyr old and metal-rich ([Z/H] = +0.16 dex).
Whereas the secondary component is also old (10.5 Gyr)
but more metal-poor ([Z/H] = –0.66 dex). The plot shows
that GC2 and GC6 are also dominated by old stellar pop-
ulations, whereas the UCDs and GC5 have more extended
star formation histories with mass-weighted ages 8–9 Gyr.
A couple of caveats to the above should be mentioned, i.e.
the presence of blue horizontal branch stars in low metal-
licity systems can lead to lower inferred ages (Maraston &
Thomas 2000; Conroy et al. 2018) and the stellar population
parameters of GC6 are highly uncertain due to the low S/N
of its spectrum.
In Table 3 we summarise our results listing the mea-
sured radial velocities and the derived stellar population pa-
rameters. The stellar population parameters correspond to
the mass-weighted mean values, and in the case of the halo
light we include both the dominant (∼80%) and secondary
(∼20%) stellar populations. Although our radial velocity
measurement for the inner halo of M87 differs somewhat
from the value currently quoted in NED (i.e. 1246 ± 3 km/s),
it is well within the range of velocities reported over the years
as listed by Hyperleda (http://leda.univ-lyon1.fr/). We mea-
sure a velocity dispersion at 56 arcsec (or 4.5 kpc) from the
galaxy centre of σ = 252 ± 4 km/s.
Based on our derived stellar populations (which assume
a Kroupa IMF), we have estimated the mass-to-light ra-
tios for objects 1–6 and converted their absolute magnitudes
(from Table 2) into stellar masses. The uncertainties quoted
on the derived stellar masses are from the stellar population
modelling only (the uncertainty from the total luminosities
has not been propagated and may contribute another 10-
20%). We find that the stellar masses for the GCs are all
greater than 106 M suggesting they are all at the massive
tail end of the GC distribution.
The spectra of the two red GCs (2 and 6) in Fig. 5
are similar in appearance to the M87 halo light. Indeed, not
only do these two red GCs have similar SFHs to the halo
light (Fig. 6), but they also reveal similar metallicities, ages
and alpha-element abundances to the dominant stellar pop-
ulation of the halo. With the caveat of projection effects,
this suggests that these two red GCs were formed contem-
poraneously from the same gas as the majority of field stars
at this halo location, further strengthening the connection
between red GCs and host galaxy field stars seen in their
mean colours (Forbes & Forte 2001) and their kinematics
(Pota et al. 2013).
All three UCDs, and the blue GC5 have old ages (∼8–9
Gyr) and low metallicities (–0.7 > [Z/H] > –1.0) with so-
lar alpha-element abundances (with the exception of UCD1,
with ([α/Fe] = +0.40). Thus they have some properties that
are similar to the 20% mass component of the halo light at
the same (projected) radius.
4 DISCUSSION
UCDs are generally thought to be remnant nucleus of a
dwarf galaxy that has undergone tidal stripping near a more
massive galaxy (see discussion in Brodie et al. 2011; Forbes
et al. 2014; Norris et al. 2015). This stripping of a nucle-
ated galaxy, which leaves only the nucleus (to be classified
as a UCD) has been modelled by Bekki et al. (2003), Pf-
effer & Baumgardt (2013) and Pfeffer et al. (2016). Based
on elevated mass-to-light (M/L) ratios (Forbes et al. 2014),
extended star formation histories (Norris et al. 2014), kine-
matics (Norris & Kannappan 2011), the detection of massive
black holes (Seth et al. 2014) and the presence of tidal tails
(Jennings et al. 2015), the evidence that at least some UCDs
have a tidally-stripped galaxy origin is secure.
Other origins for some low mass UCDs are possible
(see discussion in Norris et al. 2019) For example, they may
be simply the massive tail of the GC distribution (perhaps
formed via merging of individual GCs or from an extremely
massive giant molecular cloud). So while the relative con-
tributions of UCDs that are massive GCs versus stripped
nuclei is still subject to debate, the massive GC origin can
not easily explain the large sizes, elevated M/L ratios nor
the presence of massive black holes as observed.
MNRAS 000, 1–12 (2020)
6 D. A. Forbes et al.
Figure 5. KCWI spectra of the M87 halo starlight and compact objects. The original spectra are shown in black, while the coloured
lines show the best fit stellar population models when available. The location of some key absorption lines are indicated.
Table 3. M87 compact objects: radial velocities, stellar populations and masses.
Object Identification S/N Vel. Age [Z/H] [α/Fe] M∗
ID (km/s) (Gyr) (dex) (dex) (×106M)
1 UCD 43 1311±5 7.70 ±0.6 -0.95±0.12 0.40±0.15 5.99±0.49
2 GC 18 1308±4 11.60 ±1.4 0.20±0.12 0.40±0.20 4.37±0.38
3 UCD 24 1041±3 9.15 ±1.1 -0.86±0.13 0.00±0.30 3.19±0.38
4 UCD 26 1910±6 9.36 ±0.6 -0.79±0.12 0.00±0.35 3.98±0.54
5 GC 15 839±8 8.19 ±0.9 -0.67±0.11 -0.10±0.30 1.90±0.42
6 GC 8 1371±5 10.26 ±1.3 -0.10±0.20 0.35±0.40 1.29±0.38
7 UCD 4 1571±5 – – – –
8 GC – – – – – –
9 GC 4 1630±9 – – – –
M87 Halo 34 1246±3 12.10 ±1.1 0.21±0.05 0.45±0.10 –
∼80% – – 12.00 ±0.5 0.16±0.12 – –
∼20% – – 10.50 ±0.5 -0.66±0.30 – –
MNRAS 000, 1–12 (2020)
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Figure 6. Star formation histories of M87 halo light and com-
pact objects. Lines show the cumulative mass of each as derived
from our stellar population analysis. These indicate old stellar
populations for GC2 and GC6, and more extended star forma-
tion histories with younger mean ages for the UCDs and GC5.
For the halo light, filled squares coloured-coded by metallicity
show the dominant ∼80% mass fraction (age = 12.0 Gyr) and the
secondary ∼20% mass fraction (age = 10.5 Gyr).
Previous studies of the M87 halo have included large
samples of UCDs and GCs. For example, Cohen et al. (1998)
studied 150 UCDs and GCs around M87, finding uniformly
old ages (> 8 Gyr) with a large metallicity range from [Fe/H]
= –2 to solar. Paudel et al. (2010) obtained the stellar pop-
ulation parameters for 10 UCDs in the Virgo cluster (along
with 34 dEs). Their UCDs are generally older than 8 Gyr
with a mean age of 11.7 Gyr (which is similar to that for
their dEs located in high density regions). Their UCDs have
a mean metallicity [Z/H] ∼ –1 and a large range in alpha-
element ratios from slightly sub-solar to [α/Fe] = +0.5. From
their dE sample, Paudel et al. (2010) noticed significant age
differences in the stellar populations of dEs located in high
and low density regions.
Zhang et al. (2018) combined a Lick line index analysis
of their new data with that from the literature including Co-
hen et al. (1998) and Paudel et al. (2010) mentioned above,
along with Evstigneeva et al. (2007), Firth et al. (2007),
Francis et al. (2012) and Janz et al. (2016). This gave them
a total sample of 40 UCDs (defined to have Re > 10 pc) and
118 GCs around M87 with spectra. Using stellar the pop-
ulation models of Thomas et al. (2003) they found a mean
alpha-element ratio of [α/Fe] = +0.4, ages generally older
than 8 Gyr and metallicities spanning the range [Z/H] ∼
–1.7 to +0.3 for the UCDs. They summarise the mean stel-
lar population properties for their UCDs, red GCs and blue
GCs in their table 1.
In our work we used the models of Vazdekis et al. (2016),
in contrast to the models of Thomas et al. (2003) used by
Zhang et al. (2018). The derived metallicities from these two
models can be directly compared as systematic differences
between them only begin to occur for [Z/H] < –1.5 (Mendel
et al. 2007).
In Fig. 7 we summarise the stellar mass–metallicity re-
lation for our M87 UCDs and GCs compared to UCDs and
GCs from the combined study of Zhang et al. (2018). We also
highlight the detailed study by Janz et al. (2015) of the M87
inner halo UCD S999 for which they measured an age of 7.6
Gyr, [Z/H] = –0.95, [α/Fe] = +0.34. They inferred a stellar
mass of 3.9 × 106 M and a dynamical mass-to-light ratio
of 8.2. From the figure it is seen that the 3 UCDs studied
in our work lie within the range of masses and metallicities
inferred for other UCDs around M87.
We also show in Fig. 7 the predicted metallicity range
for UCDs formed by galaxy stripping in the model of Pfeffer
et al. (2016) after converting their [Fe/H] to [Z/H] assuming
an alpha-element ratio of [α/Fe] = +0.3. Our UCDs, and
those in the literature, lie within, or just below, the pre-
dicted model range. This is also the case for the metallicity
range observed for the Virgo dwarf galaxy nuclei (potential
progenitors of UCDs). Thus the stripping models of Pfeffer
et al. (2016) currently appear to over-predict the metallici-
ties of UCDs by about 0.5 dex.
In Fig. 8 we show [α/Fe] versus total metallicity. The
M87 UCDs and GCs, from our work and from Zhang et al.
(2018), tend to have super-solar alpha ratios indicative of
rapid star formation. These ratios also cover a similar range
to those of Virgo dE nuclei (although the dE nuclei have a
lower mean value). So, similarly to Fig. 7, the M87 UCDs
appear to be generally consistent with being the stripped
nuclear remnant of a dwarf galaxy.
As well as nucleated dE galaxies, the progenitor galaxy
for a UCD is potentially a nucleated ultra diffuse galaxy, as
first suggested by Janssens et al. (2017). A large fraction of
ultra diffuse galaxies have nuclei and the space density of
such galaxies declines towards the centre of several clusters
(e.g. Alabi et al. 2020, submitted). This can be contrasted
with the rise in space density of UCDs towards the cen-
tre of those clusters, suggesting one type of galaxy is trans-
formed into another (Janssens et al. 2017; Janssens et al.
2019). Alpha-element abundances are not generally avail-
able for Virgo cluster ultra diffuse galaxies but they do ex-
ist for Coma cluster ones (see Ferre´-Mateu et al. 2018 and
references therein). We include their mean value in Fig. 8,
and find that Coma cluster ultra diffuse galaxies have [α/Fe]
ratios that are fully consistent with our M87 UCDs. Thus
the progenitor galaxies of UCDs could be either traditional
dwarf galaxies or ultra diffuse galaxies with nuclei.
Further evidence that our 3 UCDs are the remnants of
stripped galaxies comes from their physical sizes, which are
all over 30 pc. Size was also used recently by Fahrion et al.
(2019) to support the stripped nucleus origin for a UCD they
observed in the Fornax cluster. Using MUSE on the VLT,
they measured an old age (> 8 Gyr) and low metallicity
([Z/H] = –1.12). Although such values could be consistent
MNRAS 000, 1–12 (2020)
8 D. A. Forbes et al.
Figure 7. The mass-metallicity relation for a range of objects. Literature samples of dE nuclei, UCDs and GCs are shown, along with
the 3 UCDs and 3 GCs from this study. Individual M87 UCDs and GCs from Zhang et al. (2018) are shown along with mean values
(larger symbols with error bars). The well studied M87 UCD S999 from Janz et al. (2015) is also shown. Our M87 UCDs are located in a
similar region of the plot to the literature UCDs. The dashed lines show the galaxy stripping model of Pfeffer et al. (2016) for the origin
of UCDs. The stripping model overpredicts the metallicity of observed UCDs.
with a massive star cluster, they also measured a size from
HST imaging of Re = 24 pc placing this object beyond the
regime of GCs, which typically have sizes of 2–3 pc.
The orbits of UCDs offer yet another diagnostic as to
their origin. Zhang et al. (2015) found that the outer (>
40 kpc) M87 UCDs tend to be on radially biased orbits,
which are conducive to tidal stripping. In the inner regions
the UCDs were predominately on tangentially-biased orbits,
which may indicate that those on radial orbits have been
disrupted. Detailed modelling is required to draw firm con-
clusions.
Similar to other large galaxies, M87 reveals colour (and
hence metallicity) radial gradients in both GC subpopula-
tions and its field stars (Forbes & Remus 2018). In Fig. 9, we
compare our measurements to those from the literature for
the metallicity of M87’s halo stars over a range of galacto-
centric radius. As part of the SAURON project (Kuntschner
et al. 2010) studied the stellar population of M87 includ-
ing its metallicity. They quote a value of [Z/H] = +0.13 ±
0.02 dex at Re/8 (which corresponds to 13.3 arcsec). They
also quote a metallicity value at Re, however this is an ex-
trapolation from their last measured value to 106 arcsec (i.e.
well beyond the radial limit of their data) and we do not use
it here for that reason. We include the unpublished profile
of Villaume et al. (2020, priv. comm.) after converting their
[Fe/H] into [Z/H] assuming a constant 0.3 dex additive term.
We also include the profile from Liu et al. (2005) which is
based on their conversion of their 13 band photometry into
[Z/H] metallicity. The systematics associated with the Liu et
al. approach compared to traditional spectroscopic metallici-
ties has not been quantified in the literature. Our inner halo
metallicity measurement for the dominant (80% by mass)
component is in good agreement with the halo metallicity
profile of Villaume et al. at the same radius (4.5 kpc). We
also show the 20% by mass halo component, GCs and UCDs
in Fig. 9. The two red, metal-rich GCs are consistent with
the halo stellar metallicity profile. The one blue, metal-poor
GC has a much lower metallicity, similar to those of our 3
UCDs.
We also show on Fig. 9 the mean metallicity of luminous
red and blue GCs from Zhang et al. (2018), which we plot
as upper limits in radius at their quoted enclosed maximum
radius of 140 kpc (∼20Re), although half of them are located
within 50 kpc. The mean value for the Zhang et al. (2018)
UCDs is shown at an arbitrary large radius.
The starlight halo metallicity profile of Villaume et al.
(2020, priv. comm.) shows a negative gradient beyond 3
kpc but a hint of a rise again at the outermost data point.
Whereas the profile of Liu et al. (2005) is shallower with
no sign of an upturn at large radii. Observations deep into
the halo of M87 beyond 30 kpc (i.e. >5Re) are needed to
probe whether the halo metallicity remains relatively metal-
rich (as seen in the Sombrero galaxy; Cohen et al. 2020) or
whether it approaches much lower metallicities as seen in
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Figure 8. The alpha-element metallicity relation for a range of objects. The plot shows Virgo dE nuclei, UCDs and GCs (Zhang et al.
2018) and Coma cluster ultra diffuse galaxies (Ferre´-Mateu et al. 2018), along with the 3 UCDs and 3 GCs from this study. The well
studied M87 UCD S999 from Janz et al. (2015) is also shown. The M87 GCs and UCDs from this work lie within the range of values for
literature GCs and UCDs, and those of dE nuclei and the ultra diffuse galaxies.
some other nearby galaxies at large radii (e.g. NGC 3115;
Peacock et al. 2015).
The velocity dispersion profile in the halo of M87 has
been the subject of debate in the literature, i.e. whether
it is falling, flat or rising with radius. The absolute value
of the velocity dispersion and the shape of its profile have
strong implications for any derived mass profile and inferred
orbital anisotropy. The MASSIVE survey of massive early-
type galaxies (Veale et al. 2018) found that, for radii greater
than 5 kpc, velocity dispersion profiles were either falling,
flat or rising in equal proportions in their sample (which did
not include M87). As part of our stellar population analysis
we measure the velocity dispersion of the M87 halo light. We
now compare this one data point to the kinematic profile of
M87 from the literature.
The radial velocity dispersion profile of M87, obtained
by Emsellem et al. (2004) as part of the SAURON project,
declines out to a radius of ∼30 arcsec, with a hint of flat-
tening at their largest radii probed. A similar profile, but
shifted to lower velocities, is seen using the MUSE instru-
ment (Emsellem et al. 2014). Using the VIRUS instrument,
Murphy et al. (2011) found a flat profile at large radii when
using the Mgb lines to derive the velocity dispersion but
a rising one when using bluer absorption lines. The source
of the discrepancy is unknown. Furthermore, using spectra
from the SLUGGS project (Brodie et al. 2014), Foster et al.
(2016) measured the velocity dispersion between 60 and 110
arcsec from the Calcium Triplet lines and found a declining
radial profile and an offset of some 50 km/s from the Mur-
phy et al. (2011) results. We investigate these discrepancies
using our KCWI measurement of σ = 252 ± 4 km/s at a
radius of 54 arcsec. In Fig. 10 we show the velocity disper-
sion profiles from the literature along with our independent
measurement from KCWI. Our value is consistent with the
profile of Foster et al. (2016) and lies below both sets of val-
ues from Murphy et al. (2011). Thus, it favours a declining
stellar velocity dispersion profile at large radii in M87.
5 CONCLUSIONS
Here we present the photometric and stellar population
properties for three GCs and three UCDs associated with
M87, along with those of M87’s inner halo field stars (at
a similar projected galactocentric radius of ∼5 kpc). For
the first time data have been obtained from the same
observations (i.e. the integral field unit KCWI on the
Keck II telescope) with results obtained from the same
stellar population models (thus avoiding any offsets due to
different model calibrations).
We find the following results:
• The stellar populations in the inner halo of M87 reveal
evidence for a dual nature. The dominant population, with
a mass-weighted contribution of ∼80%, is old (∼12 Gyr)
and metal-rich ([Z/H]∼ +0.2). The secondary population,
with a mass-weighted contribution of ∼20%, is similarly old
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Figure 9. Metallicities in the halo of M87. Galaxy halo stellar metallicities are shown by magenta symbols. Data from Villaume et al.
(2019, priv. comm.) are shown as magenta open squares, photometric metallicities from Liu et al. (2005) by magenta filled circles and
the single data point from Kuntschner et al. (2010) by an open circle. The two halo components (representing ∼80% and ∼20% in mass
and [Z/H] = +0.16 and –0.66 dex respectively) found in this work are shown as a magenta filled squares at 4.5 kpc. Our KCWI GCs are
shown as gold filled triangles and our UCDs as green filled squares. The mean values of the red and blue luminous GCs and UCDs from
Zhang et al. (2018) are shown on the right hand side of the plot at large radii. The metal-rich GCs, from our KCWI data, have similar
metallicities to the stellar halo starlight at the same projected radius.
(∼11 Gyr) but metal-poor ([Z/H]∼–0.7). The M87 halo is
enhanced in alpha elements.
• The two red GCs (GC2 and GC6) are old (∼11 Gyr),
metal-rich ([Z/H] ∼ +0.1) and alpha enhanced ([α/Fe] ∼
+0.4). This close agreement in age, metallicity and alpha
elements with the dominant component of M87’s field stars
reinforces the association between halo stars and metal-rich
GCs, e.g. they may have formed in-situ from the same
initial gas at a similar redshift.
• The three UCDs, and the one blue GC5, have similar
stellar populations, revealing more extended star formation
histories (with mean ages 8–9 Gyr), low metallicities (with
[Z/H] ∼ –0.8) and near solar alpha-elements.
• The UCDs have similar metallicities, alpha-element ratios
and stellar masses to other UCDs around M87. These prop-
erties, and physical sizes greater than 30 pc, are consistent
with the scenario that they are the stripped remnants
of nucleated galaxies (either traditional dwarf galaxies
or ultra diffuse galaxies). We also find that the stripping
model of Pfeffer et al. (2016) over-predicts literature UCD
metallicities by ∼0.5 dex.
• The stellar velocity dispersion profile of M87 reveals a large
discrepancy between different studies in the literature. This
has strong implications for any calculation of its enclosed
mass profile. We help to resolve this discrepancy by mea-
suring a velocity dispersion in the inner halo of 252 km/s,
which favours the reported declining profile.
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